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Edited by Francesc PosasAbstract Heat shock transcription factor 1 (HSF1) mediates
the induction of heat shock proteins in response to various types
of stress. Although HSF1 activity is regulated by its post-trans-
lational modiﬁcations, alterations in mRNA expression have also
been suggested. We here identiﬁed three new alternatively spliced
isoforms of Drosophila HSF (dHSF) mRNA, named dHSFb,
dHSFc, and dHSFd. We found that the ratio of dHSFb increases
upon heat exposure, while that of dHSFd increases upon cold
exposure. The dHSFc and dHSFd isoforms showed greater tran-
scriptional activity than the other isoforms. Our ﬁndings suggest
that alternative splicing regulates the transcriptional activity of
dHSF.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Heat shock transcription factors (HSFs) mediate the induc-
tion of heat shock proteins (HSPs) through binding to the heat
shock element (HSE) in the promoter region of the HSP genes.
Although there is only one HSF gene in yeast and fruit ﬂy,
several members of the HSF gene have been found in verte-
brates (HSF1-4) [1]. HSF1, a member of the HSF family, is
necessary for induction of HSPs in response to various types
of stress including heat stress [1–3]. The HSF1 protein is local-
ized in the cytosol as an inactive monomer under normal con-
ditions. Upon exposure to heat stress, the HSF1 monomer
translocates into the nucleus and assembles into a trimer,
which binds to the HSE in the promoter region of the HSP
genes [2,3]. This heat-induced activation of HSF1 has beenAbbreviations: HSF, heat shock transcription factor; HSP, heat shock
protein; HSE, heat shock element; rp49, ribosomal protein 49; DBD,
DNA binding domain; HR-A/B, heptad repeat of hydrophobic amino
acids A and B; NLS, nuclear localization signal; HR-C, carboxyl-
terminal heptad repeat; CTA, carboxyl-terminal transactivation domain
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doi:10.1016/j.febslet.2005.05.074known to be regulated at the post-translational level by phos-
phorylation and interaction with other proteins such as Hsp90
[4,5].
It is reported that mouse HSF1 (mHSF1) also mediates the
induction of HSPs during recovery from cold stress [6]. Inter-
estingly, the mHSF1 protein is activated during recovery from
cold stress without its characteristic hyperphosphorylation,
while heat stress activates mHSF1 via its hyperphosphoryla-
tion [6]. This fact suggests that unknown mechanisms may
be involved in the regulation of mHSF1 activity in response
to cold stress. It has also been shown that HSPs are induced
not only upon heat exposure but also during recovery from
cold exposure in Drosophila larvae [7,8], suggesting that com-
mon mechanisms are involved in the induction of HSPs in re-
sponse to cold stress in various species. However, the
mechanisms by which cold stress induces HSPs, and whether
Drosophila HSF (dHSF), a homolog of HSF1, is involved in
this induction of HSPs have not been well characterized in
Drosophila melanogaster.
In several vertebrates including mouse and zebraﬁsh, multi-
ple alternatively spliced isoforms of HSF1 have been found
[1,9–12]. Furthermore, it was recently reported that the ratio
of the two zebraﬁsh HSF1 isoforms (zHSF1a and zHSF1b)
changes in response to heat/cold stress in a zebraﬁsh cell line,
implying that yet unknown mechanisms may be involved in
the regulation of HSF1 [11,12]. However, the functional dis-
tinctions between these alternatively spliced isoforms of
HSF1 have not been determined.
In this study, to determine if dHSF activity is also regulated
at the pre-translational level in response to heat/cold stress, we
examined the expression of dHSF upon heat/cold exposure in
D. melanogaster. We here report on the identiﬁcation of three
new alternatively spliced dHSF isoforms, and show that the ra-
tio of these dHSF isoforms is regulated in response to heat/
cold stress. We further show that these dHSF isoforms have
distinct transcriptional activities, suggesting the existence of
pre-translational regulation of dHSF activity.2. Materials and methods
2.1. Fly culture, ﬂy treatments, and cell culture
Flies were cultured under standard conditions at 25 C. To study the
eﬀects of heat/cold stress, more than 40 adult ﬂies of the yw strain (0-
to 5-day-old) of mixed sex (equal number of males and females) were
incubated at 4, 25, or 37 C, for the described periods. HEK293 cellsblished by Elsevier B.V. All rights reserved.
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Corp., Carlsbad, CA) supplemented with 10% fetal calf serum at
37 C under 5% CO2.2.2. Isolation of Drosophila HSF cDNA
Total RNA was puriﬁed from adult ﬂies (yw) using the RNeasy Mini
Kit (Qiagen, Hilden, Germany) according to the manufacturers proto-
col, and was reverse transcribed with an oligo(dT)20 primer. The entire
coding region of dHSF was ampliﬁed from the resulting cDNA by
PCR with the primers dHSF-F (5 0-TTGGATCCGCCGCCAC-
CATGTCCAGGTCGC-3 0) and dHSF-R (5 0-AATCTAGAAAGT-
TACAACTCGTGACGTGGC-3 0). The ampliﬁed DNA fragment
was subcloned into the pCR4-TOPO plasmid (Invitrogen), and its
sequence was determined.
2.3. RT-PCR analyses
Total RNA was puriﬁed from adult ﬂies (yw, Canton-S, and Oregon-
R), and their cDNAs were synthesized as described above. To distin-
guish the four dHSF mRNA isoforms by the size of the ampliﬁed
DNA fragments, the primers E5A-F (5 0-ATACCAACAACAGTCA-
ACTCCTCAG-3 0) and E7-R (5 0-CCATCAGATCAGAGTCGTTA-
AACAG-3 0), ﬂanking the region between exon 5B and exon 6B of
the dHSF mRNA were used for PCR (Fig. 1A). For the precise quan-
tiﬁcation of the change in amount of each dHSF mRNA isoform as
well as the total amount of all four dHSF mRNA isoforms in response
to heat/cold stress, real-time quantitative PCR was performed. For the
speciﬁc ampliﬁcation of each dHSF cDNA isoform, four new primers
were used; E5A6A-F (5 0-CTCCTCAGGATGGCCTCAGTTGACG-
3 0) located at the junction of exon 5A and exon 6A, E5B-F (5 0-
CCATAATCAAGCGGCTAATTCTTACTGTTGCAG-3 0) in exonFig. 1. Expression of the alternatively spliced dHSF mRNA isoforms. (A
alternatively spliced mRNA isoforms. The exons are shown by open boxes, a
ﬁlled boxes. Exon 5B consisting of 72 bp, which has been reported as intro
consisting of 54 bp, which is located in the previously reported intron 6, is n
primers dHSF-F and dHSF-R ﬂanking the entire dHSF coding region used
ﬂanking the region between exon 5B and exon 6B used for RT-PCR an
representation of the functional domains and the two new insertions in the d
immediately adjacent to the N-terminus of the HR-C domain. Insertion B tran
of the HR-C domain. DBD, DNA binding domain; HR-A/B, heptad repeat o
HR-C, C-terminal heptad repeat; CTA, C-terminal transactivation domain
expressed in adult ﬂies (yw, Canton-S, and Oregon-R) using the primers E5A-
The RT-PCR products were separated on a 3% agarose gel. The sizes of the
dHSFb, dHSFc, and dHSFd, respectively.5B, E6A6B-R (5 0-AATTGGGCGTCCTGCTAAGCGCACC-30) at
the junction of exon 6A and exon 6B, and E6A7-R (5 0-GTCCATTA-
GATCAGAGTCGTTAAACAGACCCA-3 0) at the junction of exon
6A and exon 7 (Fig. 2B). For the ampliﬁcation of DNA fragments with
the same size from all four dHSF cDNA isoforms, the primers E8-F
(5 0-AACAATGACCAGGAGGCCAGCAGGC-3 0) and E8-R (5 0-GC-
CAATTTAACGGCTGAGCTGCTGCTACTT-3 0) located in exon 8,
a common exon to all four dHSF cDNA isoforms, were used. As an
internal control, the cDNA of ribosomal protein 49 (rp49), a house
keeping gene, was also ampliﬁed using the primers rp49-F (5 0-AGCG-
CACCAAGCACTTCATCCGCCA-30) and rp49-R (5 0-GCGCAC-
GTTGTGCACCAGGAACTTC-3 0) [13]. Real-time quantitative
PCR was performed with the above primers and the SYBR Green
PCRMaster Mix using an ABI PRISM 7900 HT (Applied Biosystems,
Foster City, CA). The obtained values for each dHSF mRNA isoform
and total dHSF mRNA were normalized to that of rp49 mRNA
according to the manufacturers protocol. To evaluate the time-depen-
dent changes in the levels of each dHSF isoform and total dHSF
mRNA in response to heat/cold stress, the ratios of each dHSF iso-
form/rp49 and total dHSF mRNA/rp49 in ﬂies exposed to heat/cold
stress were compared to that of the same dHSF isoform/rp49 and total
dHSF mRNA/rp49 in ﬂies under normal conditions, respectively.
2.4. Vector constructions
For the expression experiments, expression vectors for the dHSF
isoforms tagged with a c-myc epitope at the C-terminus were con-
structed. Brieﬂy, the entire coding region of each dHSF isoform was
ampliﬁed by PCR using the primers dHSF-F and dHSFmyc-R (5 0-
AATCTAGATTACAGGTCCTCCTCTGAGATCAGCTTCT-
GCTCGAGTCCCAACTCGTGACG-3 0). The ampliﬁed DNA
fragments were inserted into the BamHI and XbaI sites of the) The genomic structure of the Drosophila HSF gene and the four
nd the two newly identiﬁed exons, exon 5B and exon 6B, are shown by
n 5, is not spliced out in the dHSFb and dHSFd isoforms. Exon 6B
ot spliced out in the dHSFc and dHSFd isoforms. The position of the
for isolation of the dHSF cDNA, and the primers E5A-F and E7-R
alysis of the four dHSF isoforms (C) are indicated. (B) Schematic
HSF protein isoforms. Insertion A translated from exon 5B is located
slated from exon 6B is located immediately adjacent to the C-terminus
f hydrophobic amino acids A and B; NLS, nuclear localization signal;
; aa, amino acids. (C) RT-PCR analysis of the four dHSF isoforms
F and E7-R (A) ﬂanking the region between the new exons 5B and 6B.
ampliﬁed DNA fragments are 168, 240, 222, and 294 bp for dHSFa,
3844 N. Fujikake et al. / FEBS Letters 579 (2005) 3842–3848pcDNA3.1(+) plasmid (Invitrogen) to obtain the pcDNA-dHSF-myc
vectors. The pCaS-EGFP reporter vector used for the analysis of
dHSF transcriptional activity, was constructed by inserting the EGFP
coding DNA fragment excised from the pEGFP-N1 vector (Clontech,
Palo Alto, CA) into the pCaSpeR-hs plasmid [14]. The nucleotide se-
quences of all the constructs were conﬁrmed.2.5. Transfection experiments
HEK293 cells were seeded at a density of 2 · 105 per well on 12 well
plates the day before transfection, and co-transfected with equimolar
amounts of the pcDNA-dHSF-myc and pCaS-EGFP plasmid vectors
using Eﬀectene transfection reagent (Qiagen) according to the manu-
facturers protocol. The cells were harvested 72 h after transfection
and subjected to Western blot analyses.2.6. Evaluation of transcriptional activities of the dHSF isoforms
The HEK293 cell lysates described above were separated on a
polyacrylamide gel and then transferred onto Immobilon-P mem-
branes (Millipore, Billerica, MA). The membranes were incubated
overnight with either mouse monoclonal anti-myc antibody (clone
9E10, Invitrogen) at a 1:2000 dilution, or rabbit polyclonal anti-
EGFP antiserum (MBL, Nagoya, Japan) at a 1:2000 dilution.
Horseradish peroxidase (HRP)-conjugated rabbit anti-mouse Igs
antibody (DakoCytomation, Glostrup, Denmark) or HRP-conju-
gated goat anti-rabbit Igs antibody (DakoCytomation) were used
at a 1:5000 dilution as secondary antibodies. The HRP was detected
using SuperSignal West Pico Chemiluminescent Substrate (Pierce
Chemical Company, Rockford, IL) and the membranes were
exposed to X-ray ﬁlms. To evaluate the transcriptional activities
of the dHSF isoforms, the intensity of the bands corresponding to
each dHSF isoform and EGFP on the X-ray ﬁlms were analyzed
using NIH image software (http://rsb.info.nih.gov/nih-image/). To
compare the levels of transcriptional activity among the dHSF iso-
forms, the intensity of the EGFP band was normalized to the inten-
sity of the dHSF isoform band in each lane. The ratios of EGFP/
dHSF isoforms were then compared to that of EGFP/dHSFa.3. Results
3.1. Identiﬁcation of new alternatively spliced mRNA isoforms
of dHSF
To characterize the expression of dHSF mRNA in adult
ﬂies, we ﬁrst performed RT-PCR analysis to amplify the entire
coding region of dHSF mRNA. The RT-PCR products were
subcloned into a plasmid vector and their sequences were
determined. The sequences included the reported dHSF cDNA
(GenBank Accession No. M60070) [15], and unexpectedly
three new dHSF cDNAs, which have an additional 72 and/
or 54 bp insertion(s) in the reported dHSF sequence. We
named the previously reported dHSF cDNA as dHSFa, and
the new dHSF cDNA with a 72 bp insertion as dHSFb, that
with a 54 bp insertion as dHSFc, and that with both insertions
as dHSFd. We searched the database of the Drosophila gen-
ome for these dHSF cDNAs to see if they are generated from
the single dHSF gene (GenBank Accession No. AE003800).
The database search revealed that the additional 72 bp inser-Fig. 2. The ratio of the dHSF isoforms changes in response to heat/
cold stress. (A) RT-PCR analysis of the dHSF mRNA isoforms, using
the primers E5A-F and E7-R (Fig. 1A), expressed in adult ﬂies (yw)
exposed to heat stress at 37 C for 0, 30, and 60 min or cold stress at
4 C for 0, 60, and 120 min. The RT-PCR products were separated on
a 3% agarose gel. (B) Schematic representation of the positions of the
primers E5A6A-F, E5B-F, E6A6B-R, and E6A7-R located at the exon
junctions or in exon 5B for the speciﬁc ampliﬁcation of each dHSF
mRNA isoform, and the primers E8-F and E8-R located in exon 8 for
the ampliﬁcation of all four dHSF mRNA isoforms. The sizes of the
ampliﬁed DNA fragment from each dHSF mRNA isoform are
indicated at the right. (C and D) Changes in the amount of dHSFa
(open triangles), dHSFb (ﬁlled circles), dHSFc (open diamonds),
dHSFd (ﬁlled squares), and total dHSF (cross) mRNA in response to
heat (C) or cold (D) stress. Real-time quantitative PCR of the dHSF
mRNA isoforms expressed in adult ﬂies (yw) exposed to heat/cold
stress was performed using the primer pairs speciﬁc for each dHSF
mRNA isoform as well as the primers E8-F and E8-R for all four
dHSF mRNA isoforms (B). The amount of rp49 mRNA was also
quantiﬁed as an internal control. The obtained values for each dHSF
mRNA isoform and total dHSF mRNA were normalized to that of
rp49 mRNA. The ratios of each dHSF isoform/rp49 and total dHSF
mRNA/rp49 in ﬂies exposed to heat/cold stress were compared to that
of the same dHSF isoform/rp49 and total dHSF mRNA/rp49 under
normal conditions, respectively.
b
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54 bp insertion is located in the previously reported intron 6
(Fig. 1A). This 54 bp insertion is surrounded by Drosophila
splice site consensus sequences [16], suggesting that it is used
as a new exon by alternative splicing. We renamed the previ-
ously reported exon 5 as exon 5A and the previously reported
exon 6 as exon 6A, and named the newly identiﬁed 72 bp inser-
tion as exon 5B and the 54 bp insertion as exon 6B. These
results suggest that four dHSF mRNAs are generated from
the single dHSF gene by alternative splicing.
Schematic representation of the dHSF protein isoforms de-
duced from these mRNAs, indicating the known functional
domains and the location of the new insertions translated from
exon 5B (insertion A) and exon 6B (insertion B) are shown in
Fig. 1B. Insertion A consisting of 24 amino acids
(LVDQKNTNSSRISHNQAANSYCCS) is inserted immedi-
ately adjacent to the N-terminus of the conserved hydrophobic
heptad repeat (HR-C) domain, which is implicated in the
repression of trimerization. Insertion B consisting of 18 amino
acids (ALSRTPNFQLPEDELLLK) is inserted between the
HR-C domain and the C-terminal transactivation domain
(CTA), which is necessary for transcriptional activation.
To examine if this alternative splicing event occurs gener-
ally in D. melanogaster regardless of the strain, we searched
for the existence of these dHSF mRNA isoforms in adult
ﬂies of diﬀerent strains (yw, Canton-S, and Oregon-R) by
RT-PCR analysis. The primers E5A-F and E7-R ﬂanking
the region between exon 5B and exon 6B were used for this
PCR, to generate DNA fragments with a diﬀerent size for
each of the four dHSF mRNA isoforms (168, 240, 222,
and 294 bp for dHSFa, dHSFb, dHSFc, and dHSFd,
respectively) (Fig. 1A). RT-PCR analysis revealed that all
four fragments are ampliﬁed in all three strains. We found
that the dHSFa mRNA isoform is the major isoform and
the relative abundance of these four mRNA isoforms is sim-
ilar in all three strains. These results suggest that all four
dHSF mRNA isoforms are expressed generally in D. mela-
nogaster (Fig. 1C).
3.2. Alternative splicing of dHSF pre-mRNA changes in
response to heat/cold stress
We next determined whether the relative abundance of the
dHSF mRNA isoforms is regulated in response to stress by
alternative splicing. We performed RT-PCR analysis of the
dHSF mRNA isoforms expressed in adult ﬂies (yw) exposed
to heat/cold stress using the primers E5A-F and E7-R
ﬂanking the region between exon 5B and exon 6B to distin-
guish between the four dHSF isoforms in the same PCR
(Fig. 1A). We found that the ratio of dHSFb mRNA
increases in a time-dependent manner upon heat exposure
(37 C), whereas that of dHSFc mRNA decreases (Fig.
2A). At 60 min of heat exposure, almost equal amounts of
dHSFb mRNA and dHSFa mRNA were observed. On the
other hand, when adult ﬂies were exposed to cold stress
(4 C), the level of dHSFd mRNA was clearly increased at
60 and 120 min (Fig. 2A).
For precise quantiﬁcation of the change in amount of each
dHSF mRNA isoform in response to heat/cold stress, we per-
formed real-time quantitative PCR using new primer pairs
located at the exon junctions or in exon 5B for the speciﬁc
ampliﬁcation of each dHSF mRNA isoform (Fig. 2B). We also
evaluated the total amount of all four dHSF mRNA isoformsusing a primer pair located in the common exon 8 (Fig. 2B).
Interestingly, the expression level of dHSFb mRNA gradually
increased in a time-dependent manner (2.32-fold at 30 min and
2.64-fold at 60 min) upon heat exposure, resulting in a slight
increase in the expression level of total dHSF mRNA (1.55-
fold at 60 min) (Fig. 2C). In contrast, the expression level of
dHSFc mRNA gradually decreased (0.42-fold at 60 min).
The expression levels of dHSFa and dHSFd mRNA were al-
most unchanged upon heat exposure. When ﬂies were exposed
to cold stress, the level of dHSFd mRNA exhibited a profound
increase up to approximately a 5-fold increase (4.97-fold at
60 min and 5.24-fold at 120 min), while the level of total dHSF
mRNA showed only a slight increase (2.19-fold at 60 min)
(Fig. 2D). The expression levels of the dHSFa, dHSFb, and
dHSFc mRNA isoforms also slightly increased upon cold
exposure (1.89-, 2.24-, and 1.58-fold at 60 min, respectively).
These results indicate that alternative splicing of the dHSF
pre-mRNA changes in response to heat/cold stress, suggesting
the existence of a functional regulation of dHSF by alternative
splicing.
3.3. The dHSF protein isoforms have distinct transcriptional
activities
To further characterize the biological function of the dHSF
protein isoforms, we determined their transcriptional activity
using a reporter assay. We constructed the pcDNA-dHSF-
myc vectors for expression of the dHSF isoforms tagged with
c-myc and the pCaS-EGFP reporter vector, which has an
HSE sequence upstream of the EGFP coding sequence. In or-
der to exclude the activity of endogenous HSF from the as-
say, we employed human HEK293 cells [17]. In Drosophila
cells, which are usually cultured at 25 C, dHSF is activated
above approximately 30 C [18], indicating that the threshold
temperature required for activation of dHSF is lower than
that of human HSF1 (hHSF1), which is approximately
42 C [2,3]. Accordingly, in HEK293 cells, the transfected
dHSF isoforms are expected to bind to the HSE sequence
of the reporter vector and to activate the transcription of
the reporter mRNA even at 37 C, while the endogenous
hHSF1 protein does not activate the reporter transcription
under this condition.
We therefore co-transfected HEK293 cells with the pcDNA-
dHSF-myc vectors and the pCaS-EGFP reporter vector.
Seventy-two hours after transfection, we examined protein
expression by Western blot analyses using antibodies speciﬁc
to the c-myc tag epitope or the EGFP protein. We found that
the expression levels of the dHSF protein isoforms were very
similar (Fig. 3A, upper panel). The predicted molecular mass
of the dHSFa, dHSFb, dHSFc, and dHSFd proteins from
their deduced amino acid sequences is 78, 81, 80, and
83 kDa, respectively. However, the bands corresponding to
the dHSF isoforms appeared to be greater than 100 kDa and
in doublet, in accordance with previous studies, which is prob-
ably due to phosphorylation [15,19]. The expression levels of
the EGFP protein, on the other hand, were higher in the cells
expressing either dHSFc or dHSFd compared with the cells
expressing either dHSFa or dHSFb, suggesting that the dHSFc
and dHSFd isoforms have greater transcriptional activity than
the other isoforms (Fig. 3A, lower panel). We could not detect
any expression of EGFP in the cells co-transfected with the
pcDNA3.1(+) empty vector and the pCaS-EGFP reporter vec-
tor (Fig. 3A, ﬁrst lane), conﬁrming that the endogenous
Fig. 3. The dHSF protein isoforms have distinct transcriptional
activities. (A) Western blot analyses of the dHSF isoforms and the
EGFP protein in transfected HEK293 cells. HEK293 cells were co-
transfected with the pcDNA-dHSF-myc expression vectors and the
pCaS-EGFP reporter vector. Seventy-two hours after transfection, the
cells were lysed and subjected to Western blot analysis using anti-myc
(upper panel) and anti-EGFP antibodies (lower panel). (B) Transcrip-
tional activities of the dHSF isoforms in transfected HEK293 cells.
The intensity of the EGFP bands in (A) was normalized to that of each
dHSF isoform band. To compare the level of transcriptional activity
among the dHSF isoforms, the ratios of EGFP/each dHSF isoform
were then divided by that of EGFP/dHSFa. Values represent means
± S.E. (n = 4). \P < 0.05 (Students t-test).
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condition. Quantiﬁcation of the expression levels of EGFP and
normalization to that of each dHSF isoform revealed that
dHSFc and dHSFd exhibited a 4.06- and 9.44-fold greater
transcriptional activity compared with dHSFa, respectively
(Fig. 3B). On the other hand, dHSFb did not show a signiﬁ-Fig. 4. Comparison of the amino acid sequences of the HR-C region in the d
insertions and leucine zipper motif 4 (LZ-4) of the dHSF, mHSF1, and mHSF
have an additional 18, 22, and 18 amino acid sequence (bold) immediately
dHSFa, mHSF1b, and mHSF2b isoforms, respectively. The dHSFd isoform a
not. Filled circles and open circles indicate amino acids consisting of two h
indicate amino acids consisting of two hydrophobic heptad repeats in LZ-5. O
motif.cant diﬀerence in transcriptional activity compared with
dHSFa.4. Discussion
In this study, we identiﬁed three new isoforms of D. melano-
gaster HSF (dHSF), which are expressed generally in various
strains. These dHSF isoforms are produced via alternative
splicing of the dHSF pre-mRNA, which results in a 72
and/or 54 bp insertion(s) in the previously reported dHSF
mRNA (Fig. 1A). Previous studies have reported that multiple
alternatively spliced isoforms of HSF1 also exist in several
vertebrates [1,9–12]. However, the functional distinctions
between these alternatively spliced isoforms of HSF1 have
not been determined.
We showed that the dHSFc and dHSFd isoforms exhibited
greater transcriptional activities of the reporter protein com-
pared with the dHSFa isoform when expressed in HEK293
cells. The dHSFc and dHSFd isoforms diﬀer from the other
two isoforms in bearing insertion B, the leucine-rich 18 amino
acid sequence (Fig. 4) located between the HR-C domain and
the CTA (Fig. 1B). The HR-C domain, which contains leu-
cine zipper motif 4 (LZ-4), prevents the HSF monomer from
assembling into a trimer via an intramolecular interaction
with the heptad repeat of hydrophobic amino acids A and
B (HR-A/B) domain containing leucine zipper motifs 1–3
[1]. The CTA is involved in transcriptional activation of
dHSF, probably through an interaction with the dTRAP80
protein [20,21]. Insertion B may therefore confer an increase
in transcriptional activity on the dHSFc and dHSFd isoforms
by aﬀecting the function of the HR-C domain or the CTA. It
has been reported that mouse HSF1 (mHSF1) also produces
two isoforms (mHSF1a and mHSF1b) by alternative splicing,
resulting in insertion of an extra 22 amino acids between the
HR-C domain and the CTA of mHSF1a [10]. This additional
22 amino acid insertion in the mHSF1a isoform creates a po-
tential 5th leucine zipper motif, LZ-5 (Fig. 4, upper rows),
suggesting that this insertion is involved in the function of
the HR-C domain. However, the functional distinctions be-
tween the two mHSF1 isoforms have not been determined
yet. Furthermore, mHSF2, a member of the mouse HSF fam-
ily, also has two alternatively spliced isoforms (mHSF2a and
mHSF2b), resulting in insertion of an extra 18 amino acidsHSF, mHSF1, and mHSF2 isoforms. The amino acid sequences of the
2a isoforms are shown. The dHSFc, mHSF1a, and mHSF2a isoforms
adjacent to the C-terminus of the HR-C domain compared with the
lso has the same insertion B, while the dHSFa and dHSFb isoforms do
ydrophobic heptad repeats in LZ-4. Filled squares and open squares
nly the 22 amino acid insertion in the mHSF1a protein creates the LZ-5
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lower rows) [22]. The mHSF2a protein with the 18 amino
acid insertion has been reported to have a 2.6-fold greater
transcriptional activity compared with the mHSF2b protein
isoform [22], which is consistent with our data, suggesting
that the 18 amino acid insertion in mHSF2a itself confers
an increase in transcriptional activity. Our results along with
these studies on mHSF1 and mHSF2 strongly suggest that
insertion B in the dHSFc and dHSFd isoforms, which is rich
in leucine residues but does not create an LZ-5 motif (Fig. 4,
middle rows), confers an increase in transcriptional activity
on the dHSFc and dHSFd isoforms possibly by modifying
the interaction of the HR-C domain with the HR-A/B
domain or the interaction of the CTA with the dTRAP80
protein.
We also found that the expression level of dHSFd, which
shows the greatest transcriptional activity among the dHSF
isoforms, dramatically increases in response to cold stress.
Although the amount of the dHSFd isoform was much lower
than the dHSFa isoform even at 120 min of cold exposure, an
increase in dHSFd is expected to increase the chance of its
recruitment into the activated dHSF trimer complex. It is re-
ported that HSPs are induced even at 25 C during recovery
from cold exposure in Drosophila salivary glands [7]. There-
fore, the dHSFd isoform may be activated and induce HSPs
at lower temperatures than the other isoforms during recovery
from cold exposure. In addition, it is reported that apg-1 and
Hsp110, members of the Hsp110 family, are induced by
mHSF1 during recovery from mild cold exposure but not upon
heat exposure, indicating that mHSF1 induces diﬀerent HSPs
in response to heat/cold stress [23]. Therefore, the dHSFd iso-
form, which is produced by alternative splicing in response to
cold stress, may induce diﬀerent HSPs compared with the
other isoforms in D. melanogaster.
On the other hand, we also found that the amount of the
dHSFb isoform, which bears insertion A, increased to about
the same level as that of dHSFa in response to heat stress. Since
we could not detect any diﬀerence in transcriptional activity be-
tween dHSFb and dHSFa, the eﬀect of insertion A on the tran-
scriptional activity of dHSFb was not evident. Interestingly,
while the heat shock response in chicken is mediated by two
HSFs, chicken HSF1 (cHSF1) and HSF3 (cHSF3), the latter
of which is an avian speciﬁc HSF, the threshold temperature re-
quired for the activation of cHSF3 is higher than that of cHSF1
[24]. Furthermore, the cHSF3 protein is more stable than the
cHSF1 protein under severe heat stressed conditions, suggesting
that cHSF3 plays an essential role against severe heat stress in
avian cells [24]. These results suggest that the dHSFb isoform,
which is produced by alternative splicing in response to heat
stress, may also play an essential role against severe heat stress
among the dHSF isoforms.
Alternative splicing has also been reported to regulate the
transcriptional activity in some transcription factors. For
example, the human Pax-5 gene, a member of the paired box
gene family, has been reported to generate more than 6 spliced
isoforms with distinct transcriptional activities during B cell
development, proliferation, and diﬀerentiation into plasma
cells [25,26].
In conclusion, we demonstrated that the ratio of the dHSF
isoforms with distinct transcriptional activities is regulated
by alternative splicing in response to heat/cold stress. Our ﬁnd-
ings provide new insights into the role of alternative splicing inthe regulation of the transcriptional activity of HSF in D. mel-
anogaster.
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